Objectives: Ventilatory after-discharge (sustained elevation of ventilation following stimulus removal) occurs during sleep but not when hypocapnia is present. Genioglossus after-discharge also occurs during sleep, but CO 2 effects have not been assessed. The relevance is that postarousal after-discharge may protect against upper airway collapse. This study aimed to determine whether arousal elicits genioglossus after-discharge that persists into sleep, and whether it is influenced by CO 2 . Methods: Twenty-four healthy individuals (6 female) slept with a nasal mask and ventilator. Sleep (EEG, EOG, EMG), ventilation (pneumotachograph), end-tidal CO 2 (P ET CO 2 ), and intramuscular genioglossus EMG were monitored. NREM eucapnia was determined during 5 minutes on continuous positive airway pressure (4 cmH 2 O). Inspiratory pressure support was increased until P ET CO 2 was ≥2 mm Hg below NREM eucapnia. Supplemental CO 2 was added to reproduce normocapnia, without changing ventilator settings. Arousals were induced by auditory tones and genioglossus EMG compared during steady-state hypocapnia and normocapnia. Results: Eleven participants (4 female) provided data. Prearousal P ET CO 2 was less (p < .05) during hypocapnia (40.74 ± 2.37) than normocapnia (43.82 ± 2.89), with differences maintained postarousal. After-discharge, defined as an increase in genioglossus activity above prearousal levels, occurred following the return to sleep. For tonic activity, after-discharge lasted four breaths irrespective of CO 2 condition. For peak activity, after-discharge lasted one breath during hypocapnia and 6 breaths during normocapnia. However, when peak activity following the return to sleep was compared between CO 2 conditions no individual breath differences were observed. Conclusions: Postarousal genioglossal after-discharge may protect against upper airway collapse during sleep. Steady-state CO 2 levels minimally influence postarousal genioglossus after-discharge.
INTRODUCTION
A large ventilatory response to arousal and subsequent hypocapnia has been theorized to predispose to further upper airway collapse in obstructive sleep apnea (OSA) by reducing upper airway dilator muscle activity following the return to sleep. 1 However, dilator muscle activity is not reduced in healthy individuals nor OSA patients following arousal, rather it tends to be elevated for several breaths. [2] [3] [4] [5] [6] [7] After-discharge is a possible mechanism that may drive dilator muscle activity postarousal, when respiratory drive is reduced secondary to hypocapnia.
After-discharge describes a phenomenon where muscle (or neural) activity increases in response to an eliciting stimulus, but on rapid withdrawal of that stimulus, the activity does not immediately return to prestimulus levels but rather decays slowly. 8 After-discharge is theorized to be a product of neuronal reverberation, whereby positive feedback within neural circuits facilitates further excitatory activity and after-discharge is the gradual decay of these excitatory circuits following stimulus withdrawal. 9 Respiratory after-discharge as measured by minute ventilation, phrenic nerve firing, or diaphragm muscle activity is well documented in animal 8, [10] [11] [12] and human studies. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In humans, respiratory after-discharge is commonly elicited using a hypoxic stimulus to induce hyperventilation. On stimulus withdrawal, ventilation remains elevated above prehypoxic levels for several seconds to a minute. 15, [17] [18] [19] [20] [21] 23 During wakefulness, there appears to be minimal influence of hypocapnia on the hypoxia-induced ventilatory after-discharge. 18, 19 However, during sleep, hypocapnia impairs ventilatory after-discharge and results in ventilatory undershoot, where ventilation is reduced below prehypoxic baseline levels. 17, 21 Few studies have assessed upper airway dilator muscle after-discharge. Brief electrical stimulation (50 Hz, 3-5 s) of the superior laryngeal nerve and carotid sinus nerve in cats has been shown to produce at least 40 seconds of hypoglossal nerve after-discharge. 24 A study of healthy awake humans demonstrated that a 45 to 75 second hypoxic stimulus, which was terminated with a single breath of 100% oxygen, resulted in elevated genioglossus activity for at least 24 seconds. 23 However, the authors were unable to distinguish whether the elevated activity was due to genioglossus after-discharge or simply a negative pressure response elicited by diaphragm muscle after-discharge. In one study, OSA patients were administered 3 breath continuous positive airway pressure (CPAP) dial-downs
Statement of Significance
This study is the first to demonstrate that in healthy individuals, genioglossus after-discharge is elicited by arousal from sleep and that the elevated genioglossus activity persists following the return to sleep. It is also novel in that it demonstrates that steady-state CO 2 status has a minimal effect on postarousal genioglossus after-discharge. If these findings extend to individuals with a tendency to obstruct during sleep, then arousal terminating obstruction may be beneficial for upper airway patency, as dilator muscle activity will be elevated despite transient hypocapnia induced by a large ventilatory response to arousal. Future studies should attempt to replicate these findings in individuals with compromised airways and determine whether genioglossus after-discharge improves airway patency/collapsibility. during chemical stimulation (either hypoxia or hypercapnia). The dial-downs typically resulted in obstruction and after-discharge of the genioglossus muscle. 22 When the CPAP dial-down was associated with an arousal the duration of genioglossus after-discharge was ~30 seconds. When no arousal occurred, the duration of after-discharge was at least 60 seconds. That after-discharge followed arousal, albeit to a lesser extent than the no-arousal condition, suggests that after-discharge outweighed the negative effects of arousal induced hypocapnia. However, this study did not measure the end-tidal partial pressure of CO 2 (P ET CO 2 ) during dial-downs and therefore the effect of carbon dioxide (CO 2 ) on after-discharge is unknown.
The purpose of the current study was to better understand how after-discharge and hypocapnia interact to influence dilator muscle activity following an arousal from sleep. The primary aims of the study were to determine whether arousal from sleep activates an after-discharge response in the upper airway genioglossus muscle, and whether the level of CO 2 present at arousal affects the magnitude of the after-discharge response. To assess this, auditory arousals were induced in healthy individuals during sleep under 2 steady-state CO 2 conditions: hypocapnia and normocapnia. It was hypothesized that genioglossus after-discharge would occur following arousal in both CO 2 conditions but that after-discharge would be greater during normocapnia compared to hypocapnia.
METHOD Participants
Twenty-four healthy individuals (6 female), aged 18 to 60 years provided informed written consent. Participants were nonsmokers, did not consume >7 standard drinks per week and were not taking medication nor had illnesses known to affect sleep or breathing. To control for menstrual cycle effects, women were studied only during the follicular phase (1 to 14 days from commencement of their cycle, assuming a 28-day cycle). Ethics approval was obtained from the University of Melbourne (no. 1238360) and the study conformed to the declaration of Helsinki.
Measurement
Participants were instrumented with electroencephalogram (EEG-C4-A1, O2-A1), left and right electrooculogram (EOG) and mentalis electromyogram (EMG MEN ) for staging and scoring of sleep. Two fine-wire needle electrodes were inserted into the genioglossus percutaneously for a bipolar recording (EMG GG ) as previously described. 4 A modified nasal mask (Profile-Lite, Phillips, Respironics, Murrysville, PA) with an attached pneumotachograph (3700 A, Hans Rudolph, Shawnee, KS) measured flow. Pressure and CO 2 were measured continuously at the mask (DP45; Validyne, Northridge, CA and CD-3A analyser; Ametek, Berwyn, PA). The pneumotachograph was connected via CPAP tubing to a pressure support ventilator (VPAP III ST-A with quick Nav, Resmed, North Ryde, Australia) that was outside the testing room and controlled by the experimenter. A whisper-swivel exhalation port (Phillips Respironics) between the CPAP tubing and pneumotachograph allowed venting of expired gas. A CO 2 bleed line (CO 2 = 7.03%, O 2 = 20.77%, balance N 2 , Coregas, New South Wales, Australia) was connected to the ventilator end of the CPAP tubing. Data were recorded on a computer using an analogue to digital converter (1401plus and Spike2 software, Cambridge Electronic Design, Cambridge, UK). EMG GG was sampled at 1000 Hz. EEG, EMG MEN , and EOG were sampled at 250 Hz and remaining respiratory signals at 125 Hz.
Study Protocol
Following instrumentation participants swallowed and protruded their tongue against the back of their teeth 3 times for each maneuver to determine maximum EMG GG . They were then instructed to lay supine with eyes open for 5 minutes to obtain baseline wakefulness measures without CPAP. This was repeated with CPAP on minimum settings (4 cmH 2 O). The participant was then allowed to fall asleep with CPAP on minimum. The participant was asked to maintain the supine position during sleep as much as possible. In the first 5 minutes of non-rapid eye movement (NREM) sleep (excluding stage 1), P ET CO 2 was noted and designated the participant's normocapnic level. Inspiratory time (T I ), respiratory rate (RR), and inspiratory-expiratory ratio were also noted and used to set T I min, T I max, and RR on the ventilator to match the participant. The ventilator was then switched to timed mode and inspiratory positive airway pressure (IPAP) was rapidly increased to 8 cmH 2 O to provide the minimum pressure support difference of 4 cmH 2 O. IPAP was then increased during inspiration to a level that decreased P ET CO 2 at least 2 mmHg below each participant's NREM eucapnic level, and where possible induced passive breathing as determined by mask pressure. If P ET CO 2 required further reduction but increased IPAP could not be tolerated, then T I min, T I max, and RR were adjusted to increase ventilation. Once the target level of hypocapnia was achieved the ventilatory parameters of T I min, T I max, and RR remained constant throughout the study, unless there was a clear need to adjust. If a participant awoke on bi-level ventilation and did not immediately return to sleep (within 15-30 seconds), minimum CPAP was reinstated. On resumption of NREM stage 2, IPAP was ramped back to the level necessary to induce the target level of hypocapnia. To induce normocapnia, the ventilator settings remained the same as for the hypocapnic condition, but CO 2 was added to match the participant's normocapnic P ET CO 2 as derived during minimum CPAP. In instances where mouth leak occurred, tape was applied over the lips to seal the mouth.
Arousals were induced only when the participant was supine. To produce arousals auditory tones (1000 Hz, 0.5 seconds, range 45-100 dB) were played through 2 speakers mounted ~45 cm above and on either side of the participants head. The initial low tone volume was played when 2 minutes of undisturbed NREM stage 2 or slow wave sleep (SWS) elapsed. If no arousal occurred a further minute elapsed before a louder tone was played. If arousal occurred a further 2 minutes of sleep elapsed before a tone of the same volume was played. If the tone induced a full awakening, a lower volume tone was selected for the next trial. Additional 1-, 2-, and 3-second 100 dB tones, as well as tone combinations (eg 2 × 100 dB 2-second tones) were used in instances where 100-dB 0.5 seconds tones were insufficient to produce arousal. Between 5 to 10 auditory tones were played in either the normocapnic or hypocapnic condition before switching conditions. Switching of conditions continued until adequate data was obtained or the participant could no longer sleep. Real-time video-monitoring verified sleep position.
Data Analysis
A trained sleep technician scored sleep and arousals according to American Academy of Sleep Medicine (AASM) 2007 criteria 25 using EEG, EOG, and EMG MEN whilst blind to all other signals.
Arousals were included in analyses if the following 5 criteria were met: (1) the participant was supine; (2) the arousal was during NREM S2 or SWS; (3) there was no spontaneous arousal in the prior 50 seconds; (4) the arousal began within 5 seconds of a tone; (5) At least 5 seconds of stable sleep followed the arousal; and (6) the arousal as defined by the AASM criteria was more than 3 seconds and less than 15 seconds in duration. Arousals that were longer than 15 seconds were designated awakenings and were excluded from analysis.
EMG GG was full-wave rectified and smoothed using a 100 ms time constant. EMG GG was then scaled between electrical zero and each participant's maximal activity during the calibration maneuvers (Spike 2). Peak activity was defined as the highest level of activity during the inspiratory phase (Peak EMG GG ). Tonic activity was defined as the lowest activity during the expiratory phase (Tonic EMG GG ).
Data for both the muscle and respiratory variables were analyzed on a breath by breath basis relative to arousal and sleep as determined by the EEG. If arousal onset was during inspiration, that breath was labeled the first breath of arousal. If arousal onset was during expiration, the following breath was labeled the first breath of arousal. If, postarousal, sleep onset was during the first half of a breath (calculated from total breath duration), that breath was labeled the first breath of sleep. If sleep onset occurred during the second half of a breath or during expiration, the following breath was labeled the first breath of sleep.
Custom-written software was used to extract P ET CO 2 , tidal volume (V T ), inspired minute ventilation (V̇I), peak inspiratory flow (PIF), RR, T I as a fraction of total breath time (T I/ T TOT ), IPAP, peak and tonic EMG GG for the 8 breaths preceding arousal, the first and last breaths of arousal, and the first 10 breaths following the return to sleep. The last breath prior to arousal was not included in the prearousal average as defining the exact start of an arousal is potentially imprecise. If artifact or swallowing was present on a respiratory or muscle trace, the affected breaths were removed. If a tone induced an arousal and then there were some sleep breaths followed by another (secondary) arousal, all breaths prior to secondary arousal were included in the analysis but the breaths following the onset of secondary arousal were excluded. If a leak due to poor mask seal or mouth breathing caused the CO 2 trace quality to be visibly affected (eg not plateau at correct level) then the trial was discarded.
Statistical Analysis
To analyze whether each of the variables were normally distributed, as required for paired Student's t-tests and repeated measures analysis of variance (ANOVA), frequency histograms, and Shapiro-Wilk's tests for normality were assessed.
If required, data were transformed to meet the assumptions of the statistical tests. Paired Student's t-tests (2-tailed) were used to determine whether there was a significant difference between the hypocapnic and normocapnic conditions in regards to: (1) number of tones played, (2) number of useable arousals, (3) tone volume that induced the useable arousals, and (4) the duration of useable arousals. In addition, paired Student's t-tests were used to compare the prearousal averages of the hypocapnic and normocapnic conditions for the variables of P ET CO 2 , V̇I, V T , PIF, T I /T TOT , RR, IPAP, peak EMG GG , and tonic EMG GG . The prearousal averages comprised the eighth to second breath preceding arousal.
A CO 2 condition by breath repeated measures ANOVA was used to assess whether genioglossus after-discharge and respiratory variables differed between the 2 steady-state CO 2 conditions. CO 2 condition comprised 2 levels: hypocapnia and normocapnia. Breath comprised 13 levels: prearousal average (average of second to eighth breath preceding arousal), first arousal breath, last arousal breath, and first 10 breaths following the return to sleep. Significant main and interaction effects were further investigated using 2 sets of paired Student's t-tests. The first set of t-tests compared the average of the prearousal breaths to the average of each of the breaths during arousal and following the return to sleep. These t-tests were performed for both the hypocapnic and normocapnic groups separately. The second set of t-tests directly compared the average values on each breath of arousal and each breath of return to sleep between the hypocapnic and normocapnic conditions. Analyses were conducted using IBM SPSS version 21 (Armonk, NY) and Microsoft Excel version 2010 (Microsoft, Redmond, WA). Mean ± standard deviation are presented and significance was set at p <.05 unless stated otherwise.
RESULTS
Adequate data were obtained from 11 of 24 participants. Of the remaining participants, 6 could not maintain sleep with CPAP or bi-level ventilation; 3 had persistent mask leaks; and 4 had less than 4 useable arousals in either or both CO 2 conditions, with fewer than 4 arousals being considered insufficient data for analysis. The useable participants (female 4) were aged 21.5 ± 4.2 years and had a body mass index of 22.8 ± 2.9 kg/m 2 . Total sleep time was 5.4 ± 1.1 hrs, sleep efficiency was 80.5 ± 10.6% and the arousal index including tones was 20.2 ± 6.9 per hour.
To satisfy the assumptions of normality, peak and tonic EMG GG were transformed by adding 1 and applying log 10 . All other variables satisfied normality.
Respiratory and Muscle Variables During Wakefulness and Sleep
Respiratory and muscle data during wakefulness without CPAP, wakefulness with minimum CPAP and stable sleep with minimum CPAP are shown in Table 1 . As expected, sleep with CPAP was associated with increased P ET CO 2 , reduced ventilation, and reduced peak and tonic EMG GG , compared to wakefulness with CPAP.
Hypocapnic and Normocapnic Arousals
There were a total of 152 arousals analyzed across the 11 participants. There was no difference (p = .49) between the mean number of useable arousals per participant for the hypocapnic condition (7.4 ± 3.4) compared to the normocapnic condition (6.7 ± 2.7). Further there was no difference (p = .33) in the mean tone volume between the hypocapnic (79.6 ± 14.0 dB) and normocapnic conditions (77.3 ± 13.2 dB). However, the mean duration of the arousals was slightly but significantly (p = .04) longer for the hypocapnic (7.9 ± 1.4 s) than the normocapnic condition (6.6 ± 1.6 s).
Prearousal respiratory variables differed significantly between the hypocapnic and normocapnic conditions (see Table 2 ). By design, P ET CO 2 was ~3.1 mmHg lower for the hypocapnic condition compared to the normocapnic condition. While IPAP was slightly (~0.15 cmH 2 O) but significantly less in the normocapnic condition than the hypocapnic condition, prearousal ventilation was higher in the normocapnic condition. There was no difference in prearousal EMG GG between the 2 CO 2 conditions. The P ET CO 2 difference prior to arousal was maintained during the breaths of arousal and the breaths following the return to sleep (see Figure 1) .
Mean values for the respiratory variables for the prearousal average, breaths of arousal, and 10 breaths following return to sleep are shown in Figure 2 . There were significant breath and CO 2 condition main effects but no interaction effects for respiratory variables. As expected, V̇I, PIF, V T increased at arousal and then decayed to prearousal levels on the breaths following the return to sleep. Furthermore, these variables were consistently greater in the normocapnic condition than the hypocapnic condition. IPAP and RR had no interaction or main effects.
Mean values for peak and tonic EMG GG for the prearousal average, breaths of arousal, and 10 breaths following return to sleep are shown in Figure 3 . For tonic EMG GG , there was only a breath effect as activity was elevated at arousal and returned back to prearousal levels on the fifth breath following the return to sleep for both CO 2 conditions. For peak EMG GG , there was a significant breath effect and CO 2 by breath interaction effect. In both conditions, peak EMG GG was elevated at arousal and then slowly decayed toward prearousal levels. The first set of t-tests revealed that for the hypocapnic condition peak EMG GG remained elevated above prearousal levels for only the first breath following the return to sleep. For the normocapnic condition, peak EMG GG was elevated above prearousal levels for the first 6 breaths following the return to sleep. However, the second set of t-tests revealed that when directly comparing End-tidal partial pressure of carbon dioxide (P ET CO 2 ), peak inspiratory flow (PIF), minute ventilation (V̇I), tidal volume (V T ), inspiratory time as a fraction of total breath time (duty cycle, T I /T TOT ), respiratory rate (RR), inspiratory positive airway pressure (IPAP), peak genioglossus muscle activity (peak EMG GG ), and tonic genioglossus activity (tonic EMG GG ). Variances are ± SD, except as peak and tonic EMG GG were back-transformed variances are 95% CIs. Variances are ± SD, except as peak and tonic EMG GG were back-transformed variances are 95% CIs. CI = confidence interval; SD = standard deviation. a Indicate significant differences between prearousal hypocapnia and normocapnia. End-tidal partial pressure of carbon dioxide (P ET CO 2 ), peak inspiratory flow (PIF), minute ventilation (V̇I), tidal volume (V T ), inspiratory time as a fraction of total breath time (duty cycle, T I /T TOT ), respiratory rate (RR) peak genioglossus muscle activity (peak EMG GG ), and tonic genioglossus activity (tonic EMG GG ). Variances are ± SD, except as peak and tonic EMG GG were back-transformed variances are 95% CIs. Note this analysis was conducted on data from 10 of the 11 useable participants as 1 participant was missing data for wakefulness no CPAP. CI = confidence interval; CPAP = continuous positive airway pressure; SD = standard deviation.
a Indicates significant differences between wakefulness no CPAP and wakefulness on CPAP.
b Indicates significant differences between wakefulness on CPAP and sleep on CPAP. peak EMG GG between CO 2 conditions on each of the breaths of arousal and each of the breaths following the return to sleep, the peak EMG GG values were not significantly different for any breath. In addition, the absolute difference between the CO 2 conditions was very small (note overlapping traces for peak EMG GG in Figure 3 ).
DISCUSSION
The main finding from this study was that genioglossus after-discharge was elicited following auditory arousal under both normocapnic and hypocapnic conditions. Postarousal peak genioglossus after-discharge was minimally influenced by steady-state CO 2 condition, with a statistical difference in the number of breaths that peak genioglossus activity remained above prearousal baseline levels (interaction on ANOVA) but no physiologically important difference in mean values.
In addition, when the steady-state CO 2 conditions were directly compared, the arousal and sleep values for the 2 conditions did not differ significantly. Postarousal tonic genioglossus after-discharge was not affected by steady-state CO 2 condition. Thus, the results demonstrated that arousal elicited genioglossus muscle after-discharge with minimal or no effect of steady-state hypocapnia.
Elicitation and Inhibition of After-Discharge
The finding that genioglossus after-discharge can be elicited in healthy individuals is consistent with a study that demonstrated elevated genioglossus muscle activity in healthy individuals during wakefulness for at least 24 seconds following the withdrawal of a hypoxic stimulus. 23 A limitation of this prior study was that the authors were unable to determine whether elevated genioglossus muscle activity was actually due to genioglossus Figure 3 -Tonic genioglossus muscle activity (tonic EMG GG ) and peak genioglossus muscle activity (peak EMG GG ) for both the hypocapnic (dashed lines) and normocapnic trials (solid lines). *Significant CO 2 condition effect, @ Significant breath effect, and & Significant CO 2 by breath interaction effect. For peak EMG GG , the top dashed bar depicts arousal breaths and the breaths following the return to sleep which were significantly different to the prearousal average for the hypocapnic trials. The bottom solid bar depicts the breaths of arousal and the breaths following the return to sleep for which there was a significant difference when compared to the prearousal average for the normocapnic trials. Note when comparing the peak EMG GG between the hypocapnic and normocapnic trials for each of the prearousal, arousal, and sleep breaths there were no significant differences observed. Error bars are 95% CIs. CI = confidence interval.
after-discharge or simply due to negative pressure swings associated with diaphragm muscle after-discharge. As the current study maintained IPAP throughout the entirety of the arousal trials, it is unlikely that the postarousal elevation in genioglossus muscle activity was attributable to intrathoracic or upper airway pressure changes.
The present findings are broadly consistent with a recent study of OSA patients by Younes et al. which demonstrated genioglossus after-discharge following 3 breath dial-downs of CPAP that were preceded by hypoxia and/or hypercapnia. 22 Similar to the findings of the current study, when the CPAP dialdowns were associated with arousal, after-discharge was several breaths in duration. However, when the CPAP dial-downs were not associated with arousal, after-discharge was twice as long in duration. From these findings, Younes et al. concluded that arousal inhibits genioglossus after-discharge. In contrast, the current study demonstrates that an arousal from sleep is a stimulus capable of eliciting genioglossus after-discharge. It is unlikely that the after-discharge observed in the current study was attributable to airway opening as the participants were mechanically hyperventilated and therefore their airways were likely more patent than usual. It is important to note, that the elicitation of after-discharge by arousal, as found in the current study, does not preclude the possibility that after-discharge elicited by arousal may be smaller in magnitude than that elicited by airway opening without arousal, as found in the study by Younes et al. Therefore to better understand the role of after-discharge in OSA, future studies should assess airway opening both with and without arousal, as well as the interaction with CO 2 changes associated with both of these conditions.
The current study demonstrated that the presence of steadystate hypocapnia did not alter the tonic component of genioglossus after-discharge and only minimally affected the peak component. This is inconsistent with conventional respiratory control theory, where respiratory drive and subsequent respiratory and upper airway dilator muscle activity are driven by CO 2 stimuli. Therefore, this finding suggests that after-discharge overrides the CO 2 drive to the upper airway dilator muscles, during sleep immediately following arousal. However, this is not consistent with the ventilatory after-discharge literature which has reliably demonstrated inhibition of ventilatory after-discharge during sleep in the presence of hypocapnia. 17, 21 It is possible that the after-discharge and CO 2 interaction is not uniform for both the respiratory pump muscles and upper airway dilator muscles. Support for this idea, comes from a recent study by our group that demonstrated a negative association between CO 2 at arousal and peak and tonic genioglossus activity in OSA patients experiencing respiratory events terminated by arousal. 26 In this prior study, the lower the CO 2 was at the end of arousals terminating respiratory events, the higher both peak and tonic genioglossus activity were following the return to sleep. This association persisted for at least 5 breaths following the return to sleep and suggested that the expected reduction in drive elicited by the CO 2 stimulus was overridden by the increase in drive elicited by arousal and or airway opening. While there was a negative association between CO 2 at end arousal and ventilation on the first breath following the return to sleep, by the third breath, the association became positive, such that a low CO 2 at end arousal was associated with low ventilation following the return to sleep. Thus, respiratory pump muscle activity was in accordance with conventional respiratory control, but genioglossus muscle activity was not, suggesting that there is a difference in after-discharge expression and/or CO 2 sensitivity between these muscle groups.
It is of relevance to determine whether the magnitude of the arousal induced after-discharge response would benefit upper airway patency. In the current study, the maximal increase in genioglossus activity on the breaths following the return to sleep compared to the prearousal level was at most 0.4% of maximal genioglossus activity for the peak component and 0.13% of maximal genioglossus activity for the tonic component. It is unlikely this level of activity would provide a physiological advantage in respect to the maintenance of upper airway patency. However, in these healthy individuals, the baseline level of genioglossus activity was low even during wakefulness without CPAP (~2% max peak and ~1% max tonic) and even lower during sleep on CPAP (~1% max peak and ~0.4% max tonic) and mechanical ventilation (~0.5% max peak and 0.3% max tonic). Presumably, this is because these individuals were young and healthy and had minimal upper airway resistance, especially when on CPAP and mechanical ventilation. If the magnitude of the after-discharge following the return to sleep is considered as a percentage of the prearousal level rather than simply looking at the change in absolute percentage of max values from prearousal to postarousal, then the maximum genioglossus muscle activity increased by was ~80% and ~40% for the peak and tonic components, respectively. If these same relative increases were replicated in OSA patients who typically have higher underlying levels of dilator muscle activity to compensate for poor upper airway anatomy, 27-29 such a large percentage increase in dilator muscle activity might well be of physiological significance.
Implications
The findings of the current study suggest that arousal is capable of eliciting genioglossus muscle after-discharge during sleep. Similarly, dilator muscle after-discharge has been demonstrated in OSA patients following obstructive events that are terminated with arousal. 22 These findings suggest that dilator muscle after-discharge elicited at arousal or obstructive event termination may offer short-term protection against upper airway collapse. The CO 2 status at the time of arousal appeared to minimally influence upper airway dilator muscle after-discharge, although a small effect on peak genioglossus EMG cannot be ruled out. Regardless, the upper airway has been demonstrated to be most vulnerable to collapse during end-expiration, when airway caliber is at its lowest. 30, 31 Therefore, the tonic component of muscle activity, which was not affected by steady-state CO 2 , may be more critical to upper airway collapse. It is also important to acknowledge that the magnitude of dilator muscle after-discharge elicited was small and unlikely to alter airway mechanics.
Future studies need to assess the applicability of these findings to individuals with OSA. It may be that the expression of after-discharge or sensitivity to CO 2 stimuli differs for individuals with OSA compared to healthy controls. A study assessing ventilatory after-discharge during wakefulness following a brief hypoxic stimulus demonstrated that compared to the healthy individuals, individuals with OSA experience shorter periods of ventilatory after-discharge and also ventilatory undershoot (where ventilation drops below pre-stimulation levels). 20 Whether these differences between healthy individuals and those with OSA exist for the genioglossus muscle is yet to be assessed. In addition, future studies of OSA patients should consider individual participant factors. It is well accepted that OSA is a multifactorial disorder that arises from differing combinations of phenotypic traits. Certain types of traits may alter the expression of after-discharge. For instance, an individual with poor dilator muscle responsiveness may not exhibit genioglossus after-discharge. Or an individual with a high loop gain response may have a strong inhibitory response to after-discharge in the presence of hypocapnia. Therefore, it is important to assess the interaction of after-discharge and CO 2 effects in the context of individual participant characteristics. Finally, the magnitude of the after-discharge effect elicited by arousal should be assessed in OSA patients to determine if it is sufficient to improve upper airway patency.
Limitations
The current study has several limitations. First, because of participant sensitivity to mechanical ventilation and the increased likelihood of leak, P ET CO 2 could not be reduced below the 2 mmHg target in 2 participants (mean P ET CO 2 reductions: 1.44 and 1.77 mmHg). These participants were kept in the analysis because of the small sample size. Despite this, the overall mean reduction in P ET CO 2 was 3.1 mmHg. While this was insufficient to substantially alter genioglossus after-discharge, it is possible that larger CO 2 reductions may reduce after-discharge to a greater extent. However, this is unlikely as a recent study by our group demonstrated that low CO 2 during arousals terminating obstructive events, was associated with greater genioglossus muscle activity on the first 5 breaths following the return to sleep, postarousal. 26 Furthermore, studies that have assessed the mean change in CO 2 following arousals terminating obstructive events in OSA have demonstrated that the mean reduction in P ET CO 2 following arousal is ~3 mmHg. 26, 32 Therefore, the magnitude of CO 2 reduction in the current study likely represents the actual reduction induced by arousal in OSA. Second, administration of CPAP usually reduces genioglossus muscle activity in healthy individuals and those with OSA, 33 whereas we observed no change in activity with the addition of CPAP. We believe that CPAP did not reduce genioglossus activity in our study because the participants were healthy, young, and likely to have minimal upper airway resistance during wakefulness. Further, when CPAP was applied there was a decrease in RR and an increase in PIF and V T . This suggests that the participants were taking larger breaths during CPAP, and may explain why genioglossus activity was unchanged. Importantly, during sleep when the participants were mechanically hyperventilated their genioglossus muscle activity fell as expected. Third, no inference can be made as to whether ventilatory after-discharge occurred as any potential effects would have been masked by the mechanical ventilator. Hypoxic gases could have been used to induce hypocapnia, however, as the aim of the study was to assess genioglossus after-discharge, it was considered important to minimize the effects of negative pressure on the genioglossus muscle and therefore mechanical ventilation was the preferred method. Fourth, caution should be applied when making inferences from auditory arousals to respiratory arousals. As respiratory arousals are elicited by adverse respiratory stimuli (such as hypercapnia, hypoxia, and high negative pressures), it is likely that the ventilatory response to respiratory arousal will be of a large magnitude due to the increased respiratory drive at arousal. A large magnitude ventilatory response may increase the severity of hypocapnia and as mentioned above, subsequently change the expression of after-discharge (see limitation 1). Fifth, the genioglossus muscle, which primarily has a phasic activation pattern, was assessed as it is easily accessible with fine-wire electrodes. However, upper airway function likely represents the synergistic activity of multiple upper airway dilator muscles. Therefore, studying the genioglossus in isolation is limited. Future studies should assess other dilator muscles, including those with tonic activation patterns, as they may express after-discharge and respond to hypocapnia differently.
Conclusion
In healthy individuals, arousal from sleep was shown to elicit a genioglossus after-discharge effect that persisted for several breaths following the return to sleep. The presence of steadystate hypocapnia did not alter tonic genioglossus after-discharge and minimally reduced the peak component of genioglossus after-discharge. Whether similar effects occur in OSA patients is unclear and requires further investigation. If after-discharge does occur following arousal, then the upper airway may benefit from elevated genioglossus activity and this may protect against further upper airway collapse following the return to sleep, irrespective of arousal induced hypocapnia.
